Abstract -Lower Permian volcanism was the first magmatic activity to occur after the collision events in the Mongolian orogenic zone, east China. The Permian volcanic rocks are therefore a key to understanding the dynamics of the unified continental lithosphere. and other major elements suggest that fractional crystallization played an important role in the magmatic processes. However, fractional crystallization cannot explain the geochemistry of most incompatible trace elements and Sr-Nd isotope characteristics. The positive correlation between Th/Nb and (La/Sm) N ratios demonstrates the direct relation between the enrichment of the light rare earth elements and the contamination of continental sediments. The high contents of large ion lithosphere elements (LILE) in the Permian volcanic rocks may suggest an additional 'crust + fluid' component, especially in the intermediate rocks, which are highly enriched in Ba (> 400 ppm) relative to the basic rocks (< 200 ppm). We propose that the subduction slab dropped into depleted mantle and released fluid, which induced the mantle metasomatism and LILE enrichment. The metasomatized mantle partially melted and formed the 'primary' magma. This primary magma assimilated with the Proterozoic biotite-quartz schist during its rise, and finally formed the Permian volcanic rocks. Magma assimilated with the Proterozoic biotite-quartz schist in small amounts could have produced the basic rocks, while assimilation of larger amounts of magma (because of longer assimilation time) would generate intermediate rocks. §Author for correspondence: yongfeng@eyou.com
Introduction
In the recent literature, many authors suggest that the geochemistry of post-collisional magmatic rocks reflects the composition of their source materials (e.g. Liegeois et al. 1998) . In this respect the source of post-collisional magmatism commonly contains a large number of components including middle ocean ridge basalts (MORB), ocean island basalts (OIB), subduction sediments, oceanic and continental crust (e.g. Coulon & Thorpe, 1981; Di Vincenzo & Rocchi, 1999) . Unravelling the complexity of the postcollisional magma requires precise knowledge of the nature of the magma source (Liegeois, 1998) .
The Mongolian orogenic belt is considered to be a series of late Precambrian to early Mesozoic suture zones between the Siberian craton and the north China craton, which has evolved through accretionary tectonics (Sengor, Natal'in & Burtman, 1993; Zorin, Belichenko & Turutano, 1993) . It consists of two main parts (Sengor & Natal'in, 1996) : the Altaids in the north and the Manchurides in the south (Fig. 1a) . The Manchurides consist of two parallel fold belts: the belts formed during the Devonian-Carboniferous period are distributed symmetrically along the rim; the belt formed during the Carboniferous-Permian period is located in the centre (Fig. 1b) . This characteristic demonstrates that new continental material was accreted to the north margin of the north China craton and to the south margin of the Altaids symmetrically. The belt formed during the CarboniferousPermian period is the last record in the Mongolian orogenic belt. Two ophiolite belts recorded the last subduction process (Tang, 1990; Robinson et al. 1999) that occurred in the eastern part of the Manchurides (Fig. 1b) : the Xilamulun ophiolite in the south and Hegenshan ophiolite in the north. The Hegenshan ophiolite yielded a date of 430 Ma (Rb-Sr isochron age: Hsu, Wang & Hao, 1991) . Both of these ophiolites are covered by Permian to Jurassic volcanicsedimentary rocks.
Numerous studies have focused on documenting the tectonic evolution of this region (e.g. Tang, 1990; Shao, 1991) . They have demonstrated that during Early Palaeozoic times, an ocean existed between the north China and Siberian cratons, and was subsequentially subducted under the continental mantle, finally leading to collision of the two cratons. The Lower Permian volcanism was the first magmatic activity to occur after the collision events in this area. The Permian volcanic rocks, therefore, are a key to understanding the dynamics of the unified continental lithosphere. Here we report Nd-Sr isotopic, major and trace element geochemical data for the Permian volcanic rocks and discuss their petrogenesis and magma sources.
Petrography
The oldest rocks exposed in the studied area are Proterozoic metamorphic rocks, which belong to the Baoyintu formation of the Xilinhote complex (Fig.  1b) , mainly consisting of quartzite, biotite-quartz schist and biotite-plagioclase gneiss with plagioclase amphibolite locally. A Sm-Nd isochron for the amphibolite (with ε Nd = +6) as well as for the biotite-quartz schist (with ε Nd = -11) yields 1.2 Ga (Zhu et al. unpub. data) Sengor & Natal'in, 1996) . The Altaids are mainly composed of Early Palaeozoic rocks; the Manchurides mainly consist of Late Palaeozoic rocks. (b) Southeastern part of the Manchurides where Permian volcanic rocks occur (modified from Shao, 1991) . (c) Geological map of the studied area; insets (I, II and III) show field sections where numbered samples were collected.
sandstone, siltstone and slate) directly overlie the metamorphic rocks. A Jurassic volcanic-sedimentary formation overlies the Permian sedimentary rocks. Mesozoic magma intruded into all these units (Fig.  1c) .
The thickness of the Lower Permian volcanic-sedimentary formation varies from about 500 m to 1200 m, and is mainly composed of volcanic rocks. Only volcanic rocks (lava) from this formation are studied here. The rock sequence is similar in different outcrops (sections I and III in Fig. 1c) : the intermediate rocks generally overlie the basic rocks although the boundary between them is not clear in the field. In one outcrop (section II) only basic rocks occur (sample ZYF24-31). Samples ZYF8, ZYF24 and ZYF50 are taken from cores of pillow basalts. All these volcanic rocks are slightly altered, mainly in the groundmass. Most phenocrysts are rather fresh. Basic rocks have 15 to 40 vol. % phenocrysts of diopside, plagioclase and rarely olivine. Subhedral plagioclase phenocrysts were partially resorbed and filled by groundmass. The groundmass is composed of fine-grained plagioclase, pyroxene, amphibole and magnetite. The intermediate rocks have phenocrysts of plagioclase (5-25 vol. %) and green amphibole (3-10 vol. %). Subhedral plagioclase phenocrysts were partly resorbed. The groundmass consists mostly of fine-grained plagioclase laths, amphibolite and magnetite in pale devitrified glass.
Analytical techniques
Whole rocks of the representative samples were ground in an agate mill, after careful washing in distilled water. Major elements were measured by XRF spectrometer on glass disks made by fusion of whole rock with lithium metaborate. Trace elements were analysed by inductively coupled plasma-mass spectrometry (ICP-MS) at the Research Center for Mineral and Resource Exploration (RCMRE), Chinese Academy of Sciences. Precision is 0.5 % for major element oxides and variable in the range ~2-5 % for trace elements of higher than 100 ppm,~2-10 % for trace elements of~20-100 ppm, and ~5-20 % for trace element contents of lower than 20 ppm. Analytical data are given in Table 1 .
Whole rock samples were analysed for Sr and Nd isotopic compositions at the Research Center for Mineral and Resource Exploration. Strontium and neodymium were extracted by conventional ion exchange chromatographic techniques, after dissolution with a HF-HNO 3 -HCl mixture in a closed Teflon bottle at 120°C for 72 h. Sr and Nd isotopic ratios were measured using a Finnigan MAT 262 multiplecollector mass spectrometer, thermal ionization mass spectrometer running in dynamic mode. Replicate analyses of the NBS-987 reference standard gave average values of 0.710287 ± 0.000010 (n = 14) (all errors and standard deviations are given at the 2σ confidence level 143 Nd/ 144 Nd = 0.511942 ± 0.000012 (n = 12). Blanks were on the order of < 0.3 ng for Sr and < 0.05 ng for Nd. Replicate analyses gave an external reproducibility better than 2 % for Rb-Sr and 0.2 % for Sm-Nd. Rb-Sr isochron ages are calculated by using the program Isoplot/Ex2.3 (Ludwig, 2000) . The Nd-Sr isotopic compositions of the Permian volcanic rocks are given in Table 1 .
Element geochemistry
The Permian volcanic rocks are classified as basalt, basaltic andesite, basaltic trachy-andesite and trachyandesite (Fig. 2a) according to Le Maitre et al. (1989) . Most rocks belong to the medium-K group (Fig. 2b) (Fig.  2j ). These observations suggest that magmatic differentiation is probably responsible for the varying contents of major elements. This is confirmed by the correlation between major elements and Mg no. shown in Figure 3 . The Mg no. is negatively correlated with Al 2 O 3 (Fig. 3a) and TiO 2 (Fig. 3b ), but positively with CaO ( Fig. 3c) and Fe 2 O 3 (Fig. 3d) .
The compatible trace elements such as Cr, Ni, Co and V tend to partition into mineral phases during magma crystallization. Their concentrations will decrease during fractional crystallization. The crystallization and fractionation of olivine is the main factor controlling Ni concentration in magma. Similarly, the content of V is controlled by pyroxene and magnetite; Cr and Co are controlled mainly by olivine and diopside. All these trace elements have good correlation with SiO 2 and show a general differentiation trend from the basic to intermediate rocks ( Fig. 3e-h ). This trend is consistent with the differentiation trend demonstrated by the major elements (Figs 2, 3a-d) involving diopside and amphibole.
Rare earth elements (REE) are regarded as among the least soluble trace elements and are relatively immobile during low-temperature metamorphism, weathering and hydrothermal alteration. Therefore, REE patterns even in slightly altered rocks can represent the original composition of the unaltered parent (Rollinson, 1993) . REE abundance varies greatly in the Permian volcanic rocks (total REE from 36 to 127 ppm, Table 1 rocks are largely variable depending on rock types. Basalts have slightly light REE (LREE)-enriched patterns with some positive Eu anomalies (Fig. 4a) . Basaltic andesite has an almost flat REE pattern (Fig.  4b) . However, basaltic trachy-andesite has a strong LREE-enriched pattern with no Eu anomaly (Fig. 4b) .
Trachy-andesite has LREE-enriched patterns with negative Eu anomalies (Fig. 4c) . In general, the intermediate rocks are strongly LREE enriched (with (La/Yb) N = 3.68-7.82, In primitive mantle-normalized diagrams, basalts show enrichments of Cs, Rb, Ba, U, K and Sr, and depletions of Th, Nb, Zr and Ti (Fig. 5a ). Similarly to basalts, basaltic andesite is enriched in Cs, Rb, Ba, U and K, and depleted in Th, Nb and Ti (Fig. 5b) . Basaltic trachy-andesite, however, shows much higher enrichments of Cs, Rb, Ba, U, K and light REE with lower enrichments of Th, Nb and Ti (Fig. 5b) . Trachy- andesite shows strong enrichments of almost all incompatible trace elements, with the exceptions of Th and Nb (Fig. 5c) . The abundances of the trace elements in the Permian volcanic rocks are much higher than in primitive mantle. However, almost all samples are enriched in Nb and LILE, but depleted in Ce in the enriched MORB (E-MORB) normalized diagrams ( Fig. 5d-f) . Basalts show obvious enrichments of Cs, Rb, Ba, Nb and Sm relative to the E-MORB (Fig. 5d) ; basaltic andesite and basaltic trachy-andesite are enriched in Cs, Rb, Ba and Nb with obvious Th enrichment only in basaltic trachy-andesite (Fig. 5e) . The trachy-andesites show strong Cs, Rb, Ba, Th, K and Nb enrichments relative to E-MORB (Fig. 5f ).
Comparing Figure 5a -c with Figure 5d -f, it is clear that the trace element abundances in the Permian volcanic rocks are more similar to E-MORB than to the primitive mantle. (Fig. 6a) . The extremely high 87 Rb/ 86 Sr ratio in sample ZYF62 was probably caused by hydrothermal alteration, therefore it will not be considered in following discussion. Sample ZYF25 is not included in the isochron of the basic rocks although it plots very close to this line.
Nd-Sr isotopic geochemistry
The possible cause for the existence of two parallel isochrons could be different magma sources for the basic and intermediate rocks. However, sample ZYF14 (basalt) together with the intermediate rocks formed one isochron, and sample ZYF14 is similar to other basalt samples both in major and trace element geochemistry. This rules out the possibility that sample ZYF14 has a different magma source from the other basalts. Another possible reason could be contamination. Mixing of the 'primary' magma with continental material having a different age and isotopic nature could account for the two isochrons. This could also be the reason that the samples of the Permian volcanic rocks are largely scattered in the plot of 147 
Discussion

6.a. Fractional crystallization
Fractional crystallization generally plays an important role in magma processes, especially in early stages and at depth (see the summary by Hawkesworth et al. 2000) . Fractionation of diopside is evident from large variations in Mg no. and compatible trace elements (Fig. 3) , and probably controls the compositions of major and compatible trace elements. The strong correlations between SiO 2 and other major elements (Fig. 2) ( Fig. 3a, b) . Diopside fractionation is reflected in Figure 3c -d and in plots of MgO vs. Sc/Y and CaO/Al 2 O 3 (Fig. 7a,b) . As demonstrated by Naumann & Geist (1999) , Sc/Y ratios are unaffected by olivine and plagioclase crystallization; lower ratios with decreasing MgO only reflects clinopyroxene fractionation. The fractionation of clinopyroxene + olivine + plagioclase can cause CaO/Al 2 O 3 to increase with decreasing MgO contents. The linear arrays on plots of moderately incompatible Zr and very incompatible elements Ba and La (Fig. 7c,d ) are consistent with the fractionation hypothesis (e.g. Hanson, 1989) . However, samples of the intermediate rocks are relatively scattered in these plots, which suggests that some other processes are required besides the fractionation crystallization.
If only fractional crystallization occurred, Sr and Nd isotope ratios should be constant with variations of Mg no. and incompatible trace elements. The differences in Sr-Nd isotope ratios (Fig. 6) and Mg no. (Fig.  3a-d) as well as the existence of two parallel Rb-Sr isochrons (Fig. 6a ) cannot be explained by fractional crystallization. This therefore strongly suggests the existence of different sources for the Permian magma.
6.b. Assimilation of continental crust
The differences between the Sr and Nd isotope compositions of the basic and intermediate rocks rule out one origin of each whole assemblage by simple fractional crystallization and strongly support the occurrence of open-system processes. The presence of continental crust was thought to be a fundamental requirement for the formation of calc-alkaline magma in orogenic volcanic associations (Coulon & Thorpe, 1981) . Ratios of highly incompatible elements (Ba, U, Th, Nb, La, Sm) will not be fractionated greatly during partial melting, and these ratios have been shown to be unaffected by partial melting processes in the mantle (Hofmann, 1988) . These ratios have vastly different values in oceanic magmas and continental magmas. Thus, variation of these ratios in volcanic rocks can provide information about the effect of continental material in magma sources.
Pelagic sediments are highly enriched in Th (e.g. Ben Othman, White & Patchett, 1989) , and Th and Nb are considered to be immobile elements in subductionderived fluids (Plank, 1996; Keppler, 1996) . Both Th and Nb are highly incompatible and their contents should therefore be unaffected by magmatic differentiation. The strong positive correlation between Nb and Th from the basic to intermediate rocks (Fig. 8a) suggests that the intermediate rocks have been strongly affected by continental material relative to the basic rocks.
In contrast to the immobile behaviour of Th and Nb, U is relatively mobile in fluids (Pearce & Parkinson, 1993; Hoernle, 1998) . U-enrichment caused by fluid may account for the low Nb/U ratios of the Permian volcanic rocks (Fig. 8b) The assimilation of Proterozoic biotitequartz schist may also be a good explanation for U enrichment, as the Proterozoic biotite-quartz schist has a rather high U content (4.13 ppm, Table 1 ).
The correlation between the (La/Sm) N and Th/Sm ratios ( Fig. 8c) suggests that LREE enrichment and sediment addition are directly related. LREE enrichment is also accompanied by increasing Ba/Sm ratios, shown in the plot of (La/Sm) N vs. Ba/Sm (Fig. 8d) . However, Ba/Sm ratios of some intermediate rocks are even higher than those from the Proterozoic biotite-quartz schist. This can be explained in the following three ways: (1) fluid caused Ba enrichment, as Ba is a fluid-mobile element; (2) small amounts of contamination could explain why Ba shows an order of magnitude greater variation in continental volcanic rocks than do many other elements (DePaolo, 1981); and (3) an extremely low degree of partial melting can cause Ba enrichment in the melt because Ba is a highly incompatible element.
Highly variable Sr-Nd isotope ratios are a characteristic of continental basalts due to the additional isotopic heterogeneity derived from the continental crust or the lithospheric mantle (Ellam & Stuart, 2000) . In a plot of ε Nd vs. initial 87 Sr/ 86 Sr (Fig. 9) (DePaolo, 1981) model is used to explain these isotope characteristics. In the assimilation fractional crystallization calculations, F represents the ratio of residual magma mass to the initial magma mass. The lower the value of F the greater the fractional crystallization. The value of r represents the ratio of assimilated wallrock to the rate at which fractionating phases are being effectively separated from the magma. The larger the r values the stronger the assimilation process. This value may be changing continuously as magma moves through the continental crust. D Sr and D Nd represent the bulk solid/liquid partition coefficient between the fractionating crystalline phases and the magma for Sr and Nd, respectively. In all probability as magma moves through the continental crust, D Sr may be changing continuously. Under conditions in which plagioclase is unlikely to be the major fractionating phase, the D Sr values are likely to be less than one (DePaolo, 1981) . As the magma moves up through the crust it will encounter cooler wall-rocks and the heat budget of the system will work to inhibit assimilation and accelerate crystallization; consequently, the value of r will decrease, and as differentiation proceeds, plagioclase will become the dominant fractionating phase (Wyllie, 1979) and D Sr will increase. Based on the distribution coefficients of Sr and Nd (cf. Rollinson, 1993 , for a summary of distribution coefficients) and the mineral phases of the Permian volcanic rocks, D Sr = 1 and D Nd = 0.2 were used in the assimilation fractional crystallization calculations.
The nature of the subcontinental mantle under the studied area, which corresponds to the Permian magma source, is not clear. Different 'primary' magmas are therefore assumed in the assimilation fractional crystallization calculations. The Mongolian subcontinental mantle can be represented by the clinopyroxene in a mantle xenolith (average ε Nd = 9.3, Nd = 4.51 ppm; the lowest initial 87 Sr/ 86 Sr = 0.702, Sr = 88.5 ppm; Stosch, Lugmair & Kovalenko, 1986) .
The compositions of the Permian volcanic rocks can be modelled by the assimilation fractional crystallization processes with end-members of this mantle and the Proterozoic biotite-quartz schist (Fig. 9a) at reasonable values of r (0.12-0.35) and F (0.05-0.75).
When the least contaminated basalt sample ZYF31 is used as a primary magma, the assimilation fractional crystallization calculations could possibly reproduce some of the Permian volcanic rocks with r = 0.08-0.2 and F = 0.001-0.9 (Fig. 9b) . However, the other samples cannot be modelled. This suggests that the least contaminated rock sample cannot represent the source magma. The original magma must be heterogeneous or have experienced fractional crystallization or contamination. Melt pockets in the metasomatized mantle xenolith from central Mongolia (Ionov, Hofmann & Shimizu, 1994) are shown in this plot for comparison. Their ε Nd values have relatively large variations although their Sr isotope ratios change little. It is evident from this plot that the data sets of these melt pockets cannot produce the Permian volcanic rocks by the assimilation fractional crystallization processes with the Proterozoic biotite-quartz schist.
6.c. Magma sources
Numerous studies (e.g. Stolper & Newman, 1994; Keppler, 1996) have demonstrated that the budget of LILE in magma is controlled by fluid influx, whereas the budgets of the incompatible trace elements including heavy REE (HREE) and high field strength elements (HFSE: Nb, Zr, Y, Ti) are controlled by partial melting processes and mantle depletion. HREE and HFSE are thus preferred here to constrain the composition of magma sources. The production of magma in an orogenic zone may involve a large number of components including MORB, OIB, subduction sediments and oceanic crust. The origin of subduction-related magma is a multi-stage, multi-component and multiprocess geological event (e.g. Di Vincenzo & Rocchi, 1999) . The complexity and variation of isotope compositions and trace element abundances suggest that the formation of the Permian volcanic rocks may involve complex magma sources or processes of crust contamination.
Garnet has a high partition coefficient for Y (D garnet/melt = 4-11: Jenner et al. 1994) relative to Zr (D garnet/melt = 0.4-0.7: Jenner et al. 1994) . Varying amounts of residual garnet in the sources would change the Y contents in the magmas and Zr/Y would correlate with Y. In the Permian volcanic rocks Zr/Y ratios are strongly correlated with Zr contents (Fig.  10a ), but not with Y contents (Fig. 10b) . This indicates that there is no residual garnet in the magma sources. In such a case, contribution of the 'excess' Zr to the mantle source is required as shown by the source enrichment direction in Figure 10b OIB source or from the continental material (subduction sediments). Nb is extremely sensitive to depletion events because it enters the melt very efficiently; Nb is strongly correlated with Zr and Ti in the Permian volcanic rocks, with higher concentrations in the intermediate rocks than in the basic rocks (Fig. 10c,e) . However, the Nb contents do not correlate with Zr/Nb ratios (Fig. 10d) . The Zr/Nb ratios are highly variable and almost equal for the intermediate and basic rocks. The Ti/Nb ratios correlate with Nb contents, with Nb increasing as the Ti/Nb values decrease drastically (Fig. 10f) . These observations suggest that the Zr contents are slightly higher relative to Nb contents, especially in the intermediate rocks, but Ti is depleted relative to Nb in the intermediate rocks. Therefore, as with Zr, addition of Nb to the magma source is required. An OIB mantle and/or subduction sediments could be the sources of these trace elements.
Although high Nb content has been used as major evidence for an OIB component in the magma source (e.g. Edwards et al. 1994) , the addition of melts derived from continental sediments can also add Nb to magma (Stolz et al. 1996; Hoogewerff et al. 1997) . The Nb content is positively correlated with Th abundances (Fig. 8a ), but not with Nb/Th ratios (Fig. 10g) . This suggests that the increase of Nb content in the magma is accompanied by increasing Th content, and therefore both Nb and Th are added from other sources. The Nb/Th ratios in the Permian volcanic rocks do not correlate with Nb/Yb ratios (Fig. 10h) . Any significant role of OIB in the source can be ruled out, as suggested by Munker (2000) , since a correlation of Nb/Th with Nb/Yb would be expected in the case of mixing between MORB and OIB source mantle.
Therefore, only two components are required in the Permian magma source: a MORB mantle source and subducted continental sediments. The MORB mantle source is consistent with most REE and HFSE abundances in the Permian volcanic rocks (Fig. 5d-f ). These two end-members are also consistent with the tectonic setting of this region. A continental collision caused by the subduction of oceanic crust occurred before the Permian volcanism. The final collision should not have been earlier than 310 Ma as shown by the age of the arc granitoids (Chen et al. 2000) located in the west close to the studied area. Therefore, there was a subduction slab in the mantle prior to Permian volcanism, and the slab should contain some continental sediments.
6.d. The recycling of oceanic crust
LILE contents are usually high in continental crust and can therefore be used as an indicator of crustal assimilation. LILE concentrations could be controlled by subduction-derived fluid, which can cause mantle metasomatism (e.g. McCulloch & Gamble, 1991) . The high LILE content of the Permian volcanic rocks ( Table 1 ). This indicates that the intermediate rocks were modified by fluid with higher concentrations of LILE relative to the basic rocks.
Strong positive Sr anomalies in the primitive mantle-normalized diagram are the main features of the basic rocks (Fig. 5a ). Plagioclase melting in the source region could be one reason for the Sr enrichment, as a Sr-rich signature has been taken as evidence for absence of plagioclase in the melting residue (Defant & Drummond, 1990) . The intermediate rocks have largely variable Sr contents and show no Sr peaks in the primitive mantle-normalized diagrams (Fig. 5c) . One reason for this is the fractionation of plagioclase, which is proved by the occurrence of plagioclase phenocrysts. The Proterozoic biotite-quartz schist could not supply abundant Sr during the assimilation fractional crystallization process because of the low Sr content (about 100 ppm). The high mobility of Sr relative to less mobile trace elements could be the reason for the Sr-rich feature, as suggested by Pearce (1983) . Significant loss of Sr in slab sediments during early dehydration of the slab would lead to Sr enrichment in the mantle. This process would cause other LILE enrichments in the mantle. Even though a low degree of partial melting could cause high LILE concentrations in the magma, the degree of partial melting could not be very low as there is no residual garnet in the magma sources. A subduction component with high LILE concentrations is therefore required to explain the LILE enrichments in the Permian volcanic rocks.
The rocks with low ε Nd and high initial 87 Sr/ 86 Sr values could have been produced by a combination of continental crust and mantle as suggested by many authors (e.g. Hart, 1988; Hofmann, 1997; Peccerillo, 1999) . Altered oceanic crust mixing with subcontinental mantle can produce magma with low ε Nd and high initial 87 Sr/ 86 Sr values, so the recycling of altered oceanic crust is a plausible source for the Permian volcanic rocks in the Mongolian orogenic zone. The recycling of oceanic lithosphere has attracted much attention in recent years (e.g. Hoernle, 1998; Hildebrand & Bowring, 1999; Hauff et al. 2000) . These authors suggested that the average recycled oceanic lithosphere could have formed within 200-500 Ma before the basalt event, and mantle plume heads could facilitate the recycling of large volumes of oceanic lithosphere within a few hundred million years. As the collision events in the Mongolian orogenic zone took place later than 310 Ma (the age of the arc granitoid) and the oceanic crust formed at 430 Ma (the age of the Hegenshan ophiolite), the oceanic crust must have returned into the mantle in about 120 Ma. We conjecture that the subduction slab stayed in the mantle for more than 40 Ma before it rose to surface at 270 Ma in the form of magma eruption.
Conclusions
Based on the chemical and Sr-Nd isotope compositions of the Permian volcanic rocks in the Mongolian orogenic zone, we propose that the subduction slab dropped into the depleted mantle and released fluid. This fluid induced mantle metasomatism and LILE enrichment, as fluids derived from subduction slabs generally contain considerable H 2 O, SiO 2 , LILE and LREE with low ε Nd and high 87 Sr/ 86 Sr initial values (e.g. El Bakkali et al. 1998) . Afterwards, the metasomatized mantle partially melted and formed the 'primary' magma. This primary magma assimilated with the Proterozoic biotite-quartz schist during its rise, and finally formed the Permian volcanic rocks. The magma assimilated with the Proterozoic biotitequartz schist in small amounts could have produced the basic rocks, while assimilation of larger amounts of magma (because of longer assimilation time) would generate intermediate rocks. Subduction of the slab into the mantle is therefore the key factor in the Permian volcanism in the Mongolian orogenic zone.
The thermal and weight instability of the slab and its released fluids are the main reasons for the volcanism. Volcanism probably was triggered as part of the regional response to extension, which resulted in asthenospheric upwelling as documented by the geochemistry of Mesozoic intrusive bodies (Shao, Gai & Zhang, 1998) .
